The magnetism of the A-site-ordered perovskite LaMn 3 V 4 O 12 is studied comprehensively by means of neutron powder diffraction experiments and theoretical calculations. Magnetic neutron diffraction results show that a rhombohedral 60°spin structure emerges on the cubic lattice below a 44-K Néel transition. Ab initio electronic structure calculations confirm that high-spin Mn 2+ moments are localized while V 3d-band states are itinerant, and that the noncollinear 60°spin structure is more stable than collinear ferromagnetic or G-type antiferromagnetic alternatives. Effective Heisenberg model calculations reveal that the appearance of such a nontrivial spin structure can be attributed to significant next-nearest-neighbor and third-nearest-neighbor magnetic interactions.
I. INTRODUCTION
Competing magnetic interactions in solids often stabilize noncollinear spin structures with adjacent spins at intermediate angles between parallel and antiparallel arrangements [1] . For example, antiferromagnetic interactions in a triangular Heisenberg lattice produce geometric spin frustration, resulting in a 120°spin structure at the ground state [2] . Competition between the ferromagnetic (FM) nearest-neighbor (NN) interactions and antiferromagnetic (AFM) next-nearestneighbor (NNN) interactions in orthorhombic perovskite TbMnO 3 produces a spiral spin ordering [3] . The noncollinear spin structure in TbMnO 3 induces ferroelectric structural distortions through Dzyaloshinsky-Moriya interaction [4, 5] , and the compound is multiferroic, with both ferromagnetic and ferroelectric properties [6] [7] [8] [9] [10] . Nontrivial spin structures are therefore attractive as a platform for exploring novel functional properties.
Perovskite-structured transition-metal oxides have a large variety of magnetic structures. Although the ideal perovskite structure ABO 3 is cubic, most of these oxides are distorted with tilted octahedra, making the network of magnetic interactions in these compounds more complicated. Screw-type spin ordering due to competing AFM-and FM-NN interactions in cubic SrFeO 3 is a rare example [11] [12] [13] [14] . We recently found that the A-site magnetism in the A-site-ordered perovskitestructure compounds CaCu 3 B 4 O 12 (B = nonmagnetic Sn, Ti, and Ge) provide an excellent model system that has an S = 1/2 cubic spin lattice, where either ferromagnetism or antiferromagnetism can be stabilized [15] [16] [17] [18] . Here we focus on the spin structure of LaMn 3 V 4 O 12 , which crystallizes in an A-site-ordered perovskite structure having cubic I m3 symmetry, with Mn occupying 3/4 of the A sites (inset of Fig. 1 ) [19] . The VO 6 octahedra are heavily tilted, forming a square-planar oxygen coordination at the Mn site. Bond * Corresponding author: saito@scl.kyoto-u.ac.jp valence sum calculations and x-ray absorption spectroscopy of LaMn 3 V 4 O 12 have shown that the Mn is divalent and the V has a +3/+4 mixed-valence state.
In this study, we found a noncollinear 60°spin structure in the spin lattice of LaMn 3 V 4 O 12 . The nontrivial symmetrybreaking spin structure on a cubic crystal lattice has been revealed by neutron powder diffraction, and the stability of the magnetic ground state was evaluated by using firstprinciples theoretical calculations and effective Heisenberg model calculations.
II. EXPERIMENTAL METHODS
A polycrystalline sample of LaMn 3 V 4 O 12 was prepared under a high-pressure and high-temperature condition using a cubic anvil press, as reported previously [19] . Magnetic susceptibility was measured using a superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum Design) in an external field of 1 T. Neutron powder diffraction experiments with a wavelength of 1.59Å were performed at the D2B diffractometer (ILL, France) at 2 and 300 K. Rietveld refinements of the diffraction patterns were performed with the FULLPROF [20] program, and magnetic symmetry analysis was done using the BASIREPS program [21, 22] .
The Vienna ab initio simulation package (VASP) [23] [24] [25] [26] was used to evaluate the electronic structure of LaMn 3 V 4 O 12 by first-principles density-functional theory (DFT) calculations within the generalized gradient approximation (GGA) [27, 28] in combination with projector augmented wave potentials [29, 30] . Experimentally obtained crystal structure parameters at 2 K were used in the calculations. The spin-orbit coupling term was included. The valence wave functions were expanded in a plane wave basis up to a cutoff energy of 500 eV. A 6 × 6 × 6 k-point grid was used for the Brillouin zone integration. The strong correlation effect of Mn-3d electrons was described by adding the effective on-site Coulomb interaction U eff = 5 eV according to the formulation by Dudarev et al [31] . On the contrary, the V-3d elections are assumed to be itinerant, as described below, and hence were treated simply by GGA without adding U eff . Note that a set of test calculations was also performed with U eff = 2 eV for V-3d electrons as well, but no qualitative difference in the electronic structure (such as band gap opening) was observed. The magnetic energy of LaMn 3 V 4 O 12 was also evaluated by effective Heisenberg model calculations. The neutron diffraction pattern at 300 K was well reproduced with the I m3 structure model, consistent with the previous synchrotron x-ray diffraction results, as shown in Fig. 2 . The refined structural parameters and selected bond distances and bond angles are summarized in Tables I and II. The bond valence sums [32] of the A -site Mn and the B-site V were 2.07 and 3.46, respectively, confirming the Mn 2+ state and also in good agreement with the previous study [19] .
III. RESULTS AND DISCUSSION
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Magnetic reflections were clearly observed in the diffraction pattern obtained at 2 K (below T N ), as shown in Fig. 3 , demonstrating the existence of a long-range magnetic order. They can be indexed with the magnetic propagation vector κ = [1 0 0] within the cubic space group I m3. The allowed irreducible representations (IRs) and their basis vectors (BVs) were determined by magnetic symmetry analysis. Only one IR exists for the Wyckoff site 6b, and under the action of κ = [1 0 0] the three Mn atoms not linked by the I centering become completely independent. Attempts to fit the intensities of the magnetic Bragg reflections using the nine allowed independent parameters diverged, so the number of variables was reduced by constraining the spins to be collinear or to adopt equal Table III gives the allowed IRs and their BVs for the Wyckoff site 9e where manganese is placed. A very good fit was obtained for the magnetic structure model following BV1 of IR1 (R Mag = 5.77%). Including the second and/or the third basis vectors of IR1 did not improve the fit. Including the magnetic contributions from B-site V ions did not improve the fit either, confirming the nonmagnetic nature of the V ions. In spite of the rhombohedral symmetry of the magnetic structure, neither any peak splitting nor peak broadening expected for a crystallographic rhombohedral distortion were detected. Therefore the cubic I m3 crystal structure with the rhombohedral R3 magnetic structure model was used in the final fit to the 2-K data. The 6b Mn site has a large B iso at both 2 and 300 K, probably due to the (9) and the FM-NN interaction between the Cu 2+ spins gives a parallel spin arrangement. In CuCu 3 Ti 4 O 12 , on the other hand, AFM third-NN interaction through Cu−O−Ti−O−Cu overcomes the FM-NN interaction and as a result, a collinear G-type antiparallel spin structure is stabilized in the S = 1/2 cubic spin lattice [15, 16, 34] . An A-site-ordered perovskite containing Mn 3+ ions at the A site, YMn 3 Al 4 O 12 , shows a similar collinear A -site G-type antiferromagnetism [35] . IR1  IR2  IR3   BV1  BV2  BV3  BV1  BV2  BV3  BV1  BV2 The absence of any detectable rhombohedral cell distortion in LaMn 3 V 4 O 12 strongly indicates cubic symmetry, or else the deviation from the cubic model should be negligibly small at most. Thus competing magnetic interactions in the present LaMn 3 V 4 O 12 should play an important role in stabilizing the nontrivial 60°spin structure in the cubic spin lattice. By DFT calculations, total energies were compared between LaMn 3 V 4 O 12 with collinear FM and G-AFM arrangements and that with noncollinear 60°AFM arrangement. The results showed that in the A -site cubic spin lattice the experimentally observed noncollinear 60°AFM spin arrangement is 41.6 meV/f.u. (f.u. is formula unit) more stable than the collinear FM arrangement and 30.9 meV/f.u. more stable than the collinear G-AFM arrangement. The result of the electronic structure calculation for LaMn 3 V 4 O 12 with the noncollinear 60°spin structure indicates that the Fermi level mainly consists of V-3d and O-2p bands and that the Mn -3d band has a 3d 5 configuration, as shown in Fig. 5(a) . The local magnetic moment at the Mn site is 4.64 μ B , which agrees well with the value obtained from the neutron diffraction. The results thus confirm that the 3d electrons of the divalent Mn ion are localized and contribute to the longrange magnetic ordering, while those of the mixed-valent V ions are itinerant and contribute to the metallic conductivity. The same situation is found in the high-pressure perovskite MnVO 3 , where an incommensurate helimagnetic order of the Mn 2+ spins is observed [36] . In the obtained band structure of the FM cubic model, there is no nesting vector along the cubic [1 1 1] direction (corresponding to the rhombohedral [0 0 1] direction), which implies that there is no electronic instability that favors rhombohedral distortion.
The origin of the nontrivial spin structure is rationalized here by effective Heisenberg model calculations considering the effect of the NN magnetic interaction (J 1 ), NNN magnetic interaction (J 2 ), and third-NN magnetic interaction (J 3 ) depicted in Fig. 5(b) . The details of the calculations are given in the Supplemental Material [37] . If J 1 is predominant and J 2 and J 3 are negligible, the collinear FM spin structure Fig. 5(f) ], all the spins lie parallel to the rhombohedral ab plane, and the NN spins in adjacent kagome layers along the c r axis rotate 60°for NR-AFM1 and 120°for NR-AFM2. Note that the NR spin structures are stabilized for J 2 < 0 irrespective of either positive or negative J 1 . As shown in Fig. 5(g) , the experimentally observed NR-AFM1 spin structure is obtained in regions with J 2 < 0 and J 3 < 0, which suggests that the rhombohedral noncollinear spin structure can be stabilized by competing interactions on a cubic spin lattice without a necessary rhombohedral crystal distortion, although the vector nature of the ordered moments lowers magnetic symmetry to rhombohedral. Hence, the NNN and the third-NN magnetic interactions play crucial roles in giving rise to the nontrivial spin structure of LaMn 3 V 4 O 12 .
The 60°spin structure of LaMn 3 V 4 O 12 appears to be somewhat similar to the spin structure of another A-siteordered perovskite, CaMn 3 indicates very weak coupling between the local Mn 2+ spins at the A site and itinerant V-3d electrons at the B site. Therefore the itinerant electrons at the B-site V do not seem to mediate the magnetic interaction in LaMn 3 V 4 O 12 .
IV. CONCLUSIONS
We have found that A-site-ordered perovskite LaMn 3 V 4 O 12 has a 60°spin structure of high-spin Mn 2+ moments below T N = 44 K. The electronic structure calculation confirms that the observed noncollinear spin structure is the most stable one. Effective Heisenberg model calculations of the cubic A -site spin lattice revealed that the NNN and third-NN interactions are crucial for stabilizing noncollinear spin structures, and that the competition of the J 1 , J 2 , and J 3 interactions causes the symmetry breaking of the magnetic system on the cubic lattice to stabilize the 60°spin structure.
